Injectable drug delivery systems that autonomously detect, propel towards, and ultimately treat the cancerous tissue, are the future of targeted medicine. Here, we developed a drug delivery system that swims autonomously towards cancer cells, where it releases a therapeutic cargo. This platform is based on viable bacteria, loaded with nanoparticles that contain the chemotherapeutic-antibiotic drug doxorubicin. The bacteria ferry across media and invade the cancer cells, increasing their velocity in the presence of nutrients that are present within the tumor microenvironment. Inside the cancer cells, doxorubicin is released from the nanoparticles, destroying the bacterial swimmer (antibiotic activity) and executing the therapeutic activity against the cancer cells (chemotherapeutic activity). This mode of delivery, where both the carrier and the cancer cell are destroyed, supports implementing nanoswimmers in drug delivery (Fig. 1) .
Introduction
Nanotechnologies have become important clinical tools, enabling therapeutic precision and functionality that cannot be attained using systems of a larger scale. Newly developed nanotechnologies have the potential to revolutionize diagnosis and care, with N40 nanomedicines already approved for clinical use [1] .
The application of nanotechnology has proven to be especially advantageous in cancer therapy. Anti-cancer drugs, such as doxorubicin and paclitaxel, have harsh side effects when used systemically, including vomiting, alopecia and cardiotoxicity [2] . By using nanoparticles that accumulate in the tumor, there is an increase in the effective therapeutic dose at the disease site and reduced adverse side-effects caused by systemic application [3] .
Liposomes, vesicles with a lipid bilayer membrane which surrounds an aqueous core, are common nanoscale drug carriers [4] . This structure enables loading hydrophilic drugs into the aqueous core and hydrophobic drugs into the lipid bilayer. The liposome membrane can carry a neutral, positive, or negative charge, by enriching the membrane with cationic or anionic lipids. The liposomal corona can be decorated with targeting moieties to increase accumulation at the target site [5] , or, alternatively, creating a stealth polyethylene glycol corona, to disguise the particle from the immune system [6] .
While most nanomedicines are dependent on blood flow trafficking to reach their target site, adding a propulsion modality that will actively drive the nanomedicines to the disease site, will improve targeting [7] .
Several strategies have been employed to physically drive nanomedicines towards diseased tissues [8] [9] [10] , including the use of magnets positioned above the disease site or ultrasonic waves that propel drug-loaded microbubbles towards tumors [11, 12] .
Micro-and nano-swimmers are systems that propel autonomously, or under an external force, towards a target site. In a recent study, biohybrid materials with a sperm-like structure were developed to selfpropel in media by using filaments composed of a rigid head and elastic tail, covered with contractile cardiomyocytes [13] . Adapting autonomous swimmers for drug delivery has been suggested, however, shown only recently [14] [15] [16] .
Since the 1800′s, bacteria have been used as vehicles for therapeutic applications [16] [17] [18] [19] [20] [21] [22] . Most bacteria propel using flagella, 10 μm long and 20 nm in diameter filaments that extend from the bacterial body [23, 24] . Flagella rotation can be either clockwise or counterclockwise, for forward or backward swimming [25] . Bacteria use their aptitude of motility to survive and move towards favorable, or flee from unfavorable, microenvironments. They source their power from nutrients in their environment by converting chemical energy to mechanical energy. Bacteria use chemoreceptors that sense favorable nutrient-rich environments, and then navigate towards these sites, in a process called chemotaxis [22] . This motility enables them to overcome diffusion resistances, which is beneficial for improving tissue invasion [26] .
In particular, bacteria favor nutrients found in the tumor microenvironment [21, 27, 28] . Pre-clinical and clinical studies have demonstrated that bacteria accumulate preferentially in cancerous tissue [29] [30] [31] . Invivo experiments have demonstrated that bacteria are attracted to the cancerous tissue by a unique set of nutrients that are secreted metabolically in the tumor microenvironment, including -serine, aspartate, ribose, leucine and arginine [20] [21] [22] 27, 28, 32, 33, 35] . The extracellular matrix of the tumor microenvironment is used by some types of bacteria as anchoring points for propagating within the tissue [36] .
Because of their easily manipulated genetics, bacteria can be engineered to overcome toxicity and systemic implications when injected into the human body. Salmonella with a modified lipid A (strain vnP20009) is non-toxic but colonizes in tumors upon injection [1, [37] [38] [39] [40] .
To invade cells, bacteria either secrete a set of proteins that puncture the host cell, causing cytoskeletal rearrangement, resulting in bacterial uptake. Otherwise, invasion can occur when the bacteria binds to receptors on the host cell, and is then taken up via cytoskeletal-mediated rearrangements of the cell plasma membrane around the bacteria [26, 41] .
This study examines the potential of bacteria as carriers of nanomedicine for targeted delivery of cancer drugs. We loaded bacteria with nanomedicines, to autonomously target malignant cells (Fig. 1 ).
Materials and methods
Hydrogenated soy phosphatidylcholine, HSPC, was purchased from Lipoid GmbH (Ludwigshafen, Germany); 1,2-dioleoyl-3-trimethylammonium-propane, DOTAP; 1,2-distearoyl-sn-glycero-3-phospho-(1′-rac-glycerol), DSPG; 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine-B sulfonyl) ammonium salt, 18:1 Liss Rhod PE, were purchased from Avanti Polar Lipids (USA); cholesterol (Ch), sulforhodamine-B, ampicillin (amp) and doxurubicin-HCl were purchased from Sigma-Aldrich.
Bacterial strains and growth conditions
Salmonella enterica subspecies enterica serovar Typhimurium LT2 (ATCC 700720) were transformed with pGFP plasmid (Clontech, CA, USA) by electroporation using MicroPulser electroporator (Bio-Rad Laboratories, Ca, USA). Transformants were selected on Luria-Bertani (LB) agar plates (1.5% w/v) supplemented with ampicillin (100 μg/mL) and stored at −80°C in LB medium supplemented with 30% glycerol (%v/v).
Escherichia coli (ATCC 53323), JM109 (F′ traD36 proA+ proB+ lacIq Δ(lacZ)M15 Δ (lacproAB)supE44 hsdR17 recA1 gyrA96 thi1endA1 relA1 e14λ) was grown on LB medium. Both strains were examined in motility assays. Salmonella typhimurium LT2 was further examined as carrier in in vitro experiments.
Motility assay
Bacteria glycerol stocks were streaked on LB plates supplemented with 100 μg/mL ampicillin (amp100) and grown at 37°C overnight (O/N). A single colony was inoculated in fresh LB media and grown O/ N at 37°C, at 250 rpm in a TU400 orbital incubator shaker (MRC, Holon, Israel). This was used as a starter to inoculate fresh LB media the following day at a ratio of 1:10 (starter:media). The culture was grown at 37°C until an OD 600~0 .5-0.7 (mid-log phase) was reached; then, centrifuged and washed three times with potassium phosphate buffer (0.1 M at the appropriate pH). The desired glucose concentration was added afterwards. Bacteria were observed in bright field using an inverted Nikon Eclipse TS100 microscope (NU, USA). Velocity was measured as distance/time, where distance was measured using data analysis software NIS-Elements D4.10.00.
Effect of doxorubicin on bacteria
The antibacterial effect of DOX on bacteria was examined adding increasing concentrations of DOX to Salmonella in suspension (OD 600 = 1). DOX concentration was at range 1.2 ng/mL up to 12 mg/mL. The viability of Salmonella cells was evaluated by live cell count. Decimal dilutions of bacterial suspension were seeded in 20 μL droplets on LBamp100 plates. The plates were incubated O/N at 37°C. The nextday bacterial colonies were counted in each of the DOX dilutions. Colony forming unit (CFU)/mL was determined according to: ∑ colonies / (∑ volume of droplets × ∑ dilutions), cfu/mL.
Invasion of Salmonella into 4 T1 cells

× 10
5 cells/well (2 mL) of triple negative breast cancer mouse cellline (4 T1; ATCC CRL2539) were seeded in 6-well plates in a RPMI 1640 medium (Sigma-Aldrich), supplemented with 10% heat inactivated Fetal Bovine Serum (Biological Industries, Beit-Haemek, Israel), 2 mM of L-Glutamine Solution, 10 U/mL of penicillin G sodium salt and 0.01 mg/mL of streptomycin sulfate for 24 h at 37°C in a 5% CO 2 humid atmosphere. The following day, the 4 T1 cells were washed, to remove remnants of antibiotics, and Salmonella at multiplicity of infection (MOI) 100:1 was added for 3 h. The 4 T1 cells were washed with PBS and gentamycin sulfate at concentration of 20 μg/mL (Biological industries, Israel) to remove external bacteria. Cells were incubated with Hoescht 33342 (Sigma-Aldrich) and Dil (life technologies, Israel) to stain the nucleus and the cell's membrane, respectively. Images were obtained using Confocal Laser Scanning Microscopy Zeiss LSM 700 and ZEN imaging software integrated to a three dimensional (Z-stack) image.
Liposome preparation
Liposomes were prepared using the ethanol injection method [42] . In short: phospholipids were dissolved in preheated absolute ethanol at 65°C and injected into preheated (65°C) 10% phosphate buffer, resulting in the formation of a milky dispersion of multi-lamellar vesicles (MLV). The MLV dispersion was downsized by stepwise extrusion through Nucleopore etched polycarbonate membranes with 400, 200, 100, 80 and 50 nm (Whatman, USA) pores; 5 cycles of extrusion at each pore-diameter, using a Lipex extruder (Transferra Nanosciences, BC Canada). After extrusion, non-entrapped materials were removed by dialysis (12-14 kDa MWCO) against PBS. Neutral liposomes were composed of HSPC:Ch in molar ratio of 4:1, positively charged liposomes were composed of HSPC:Ch:DOTAP at molar ratio of 4:1:1.5 and negatively charged liposomes were composed of HSPC:Ch:DSPG at molar ratio of 4:1.5:1. Total concentration of all components in all formulations was 50 mM. Particle size distribution, mean particle diameter and zeta potential of the liposomes were measured using dynamic light scattering (nano ZSP, Malvern Instruments, Southborough, MA), Fig. 4 .
Rhodamine encapsulation-passive loading
Rhodamine was dissolved in the 10% PBS phase. Phospholipids were dissolved in EtOH and added to the aqueous solution. Non-encapsulated rhodamine was removed by dialysis against PBS.
Doxorubicin encapsulation -active loading
Phospholipids were dissolved in EtOH, and then added to 120 mM ammonium sulfate solution. Liposomes were formed by stepwise extrusion as described above. Non-entrapped ammonium sulfate was removed by dialysis (12-14 kDa MWCO) against 10% sucrose. Doxorubicin (DOX) was dissolved in 10% sucrose in concentration of 12 mg/mL. The liposomes and DOX were mixed in ratio of 1:2 (final DOX concentration 6 mg/mL) and stirred for 1 h at 60°C. Free drug was removed by three sequential dialysis steps against 10% sucrose.
Bacteria loaded with liposomes 2.6.1. Incubation
We exploited the time interval in which bacteria split and divide, the membrane opens and liposomes can enter the cell. 1 mL of bacteria suspension in OD 600~0 .5 (mid-log phase) were incubated with 200 μL liposomes for 1 h.
Electroporation
Bacteria glycerol stocks (E. coli or Salmonella) were inoculated in LB media and grown at 37°C, at 250 rpm, in orbital shaker, O/N. This was used as a starter to inoculate fresh LB media the following day in ratio of 1:10 (starter:media). The culture was grown at 37°C to OD 600~0 .5. Then the culture was cooled for 30 min on ice and centrifuged at 2500g for 10 min at 4°C. The media was discarded and the pellet was re-suspended in an equal volume of ice-cold 10% (%v/v) glycerol. Afterwards, the centrifugation step was repeated and the pellet was resuspended with ice-cold glycerol (half of the initial volume). Two additional centrifugation steps were performed (resuspension with 10 mL glycerol and 1 mL glycerol, respectively). The final suspension was divided into Eppendorf's, immediately frozen in liquid nitrogen and stored at −80°C for further use.
50 μL of competent bacteria and 50 μL of liposomes were mixed and transferred into ice-cold cuvettes. After electroporation by MicroPulser electroporator the mixture was re-suspended in LB media and incubated for 1 h at 37°C.
The morphology of Salmonella incubated with different types of liposomes was examined by scanning electron microscopy (SEM, Zeiss Ultra-Plus FEG-SEM, Germany).
Viability assay
The viability of 4 T1 cells exposed to various treatments was determined using the methylene blue (MB) survival assay [43] . (A) (B) (C) Fig. 2 . Bacterial velocity depends on the glucose concentration, pH and viscosity. The velocity of (A) Salmonella and (B) E. coli were measured under different glucose concentrations and pH environments. In general, Salmonella were faster swimmers than E. coli, and in both cases the velocity increased in pH and glucose concentrations reported to exist in the tumor microenvironment (emphasized here with the dashed line). (C) Velocity of bacteria was measured in media of increasing viscosity. As the viscosity increased a decline in the bacterial velocity was recorded. Velocity was measured as distance/time, by data analysis software NIS-Elements D 4.10.
(10% sucrose) (20 μL/well). The experiment was performed in hexaplicate. All drug treatments were 2 μg/mL. Following a 24 h incubation at 37°C cells were incubated with gentamycin sulfate (20 μg/mL) for 20 min to kill the bacteria that didn't enter the cells. Then the cells were washed three times with PBS and fixed with 2.5% glutaraldehyde (Sigma-Aldrich) (50 μL/well) for 15 min. Fixed cells were rinsed with de-ionized water (DDW), then once with borate buffer (0.1 M, pH = 8.5), vacuum drained and stained with MB (Merck, Germany) (100 μL of 1% w/v solution in 0.1 M borate buffer, pH = 8.5) for 1 h at RT. Stained cells were rinsed thoroughly with DDW to remove non bound dye. The MB bound to the fixed cells was extracted by incubation with 200 μL 0.1 M HCl for 1 h at 37°C (Frutarom, Haifa, Israel). Optical density (OD) of the dye in each well was determined by Tecan infinite 200Pro (Switzerland) at 620 nm. The percentage of living cells was calculated with respect to the untreated controls that were processed simultaneously.
To ensure the media is not depleted of nutrients, the media was refreshed every 3 h.
Results
In this study we tested the ability of bacteria to act as carriers of drug-loaded nanoparticles to cancerous tissue.
Increased bacterial velocity in tumor conditions
In 1924, Otto Heinrich Warburg observed that compared to normal cells, cancer cells rely mostly on aerobic glycolysis, known as the Warburg Effect [44, 45] . Due to this effect, tumor cells are dependent on high glucose concentrations in the tumor microenvironment. High glucose consumption by cancer cells, through aerobic glycolysis pathways, leads to increased lactate production corresponding to an acidic tumor microenvironment [46] .
We examined the effect pH and glucose concentration have on Salmonella and E.coli motility, imitating healthy and tumor microenvironments.
The velocities of both types of bacteria were dependent on the environmental conditions, generally favoring tumoral glucose and pH conditions (Fig. 2) . At pH 6, the highest bacterial velocity was obtained for all glucose concentrations, maximizing at a glucose concentration of 150 mg/dL (Fig. 2B) . At pH 5 there was a decrease in the bacterial velocity. In general, the highest bacterial propulsion velocities were found at pH 6-7, the pH ranges of the tumor microenvironment [47, 48] . For both bacteria types, the higher velocity was obtained in high glucose concentrations, reflecting the abundance of glucose and nutrients and the pH of the tumor microenvironment [27, 28, 35] .
The viscosity of tissue varies from organ to organ, and also depends on the disease state [49, 50] . As expected, the bacterial velocity decreased as the viscosity of the environment increased.
In summary, Salmonella was more motile compared to E. coli, therefore we chose to continue our research using this bacterial strain.
Loading liposomes into bacteria
We sought to develop a method for loading liposomes into bacteria, without compromising the bacterial motility. For this, we compared two modes of loading: incubation and electroporation. For incubation, bacteria were incubated with 100-nm PEGylated liposomes over 4 h. Extremely low levels of liposomal uptake (b 5%) were noticed in the bacteria post incubation, Fig. 3 . We then tested electroporation as an alternative mode of liposomal loading. Electroporation creates transient pores in the bacterial membrane by the application of brief electrical pulses. Using electroporation we detected liposomes in 62% of the bacteria (Fig. 3) . The uptake of the liposomes by bacteria was visualized using GFP-Salmonella that were loaded with rhodamine-labeled liposomes.
After determining the optimal loading method, the effect of loading nanoparticles into bacteria was addressed. We compared Salmonella velocity before and after being loaded with liposomes. A slight decrease in the bacterial velocity was measured after loading the bacteria with liposomes (Fig. 3) .
Bacterial loading and viability are affected by the surface charge of the nanoparticles
The effect of the liposomal surface charge on the bacterial viability was investigated. Cationic and anionic liposomes were synthesized and loaded into bacteria by electroporation. Bacterial disruption was , and cholesterol (ch), the zeta potential was measured using ZSP instrument.
observed after being loaded with the cationic liposomes, while bacteria loaded with anionic liposomes maintained their integrity (Fig. 4) . A viability assay confirmed these observations; compared to the untreated control, bacteria treated with negatively-charged liposomes exhibited reduced growth of 20%, while the cationic liposomes induced a growth reduction of 50% (Fig. 4) .
The antibacterial activity of doxorubicin
The antibacterial activity of doxorubicin against Salmonella was examined as a mode for destroying the bacterial carrier after reaching the target site. The rationale of this approach is that the drug loaded into the nanoparticles will kill the bacteria and subsequently the invaded cancer cell.
Doxorubicin was added to Salmonella at increasing concentrations and the bacterial viability was determined. A concentration-dependent toxicity of doxorubicin to Salmonella was found (Fig. 5) , supporting our approach for using the antibiotic as part of the dual therapeutic mode of action. The IC50 of doxorubicin to the bacteria was estimated to bẽ 5 μg/mL.
Nanoparticle-loaded bacteria invade and kill cancer cells
We examined the ability of bacteria loaded with liposomes to invade cancer cells. Salmonella was loaded with fluorescently-labeled 100-nm liposomes. The bacteria were added to triple-negative breast cancer cells (4 T1) in culture. Three hours later, 30% of the cancer cells were invaded by the nanoparticle-loaded Salmonella (Fig. 5) .
After demonstrating the ability of liposome-loaded Salmonella to invade cells, the capacity of Salmonella loaded with liposomes containing doxorubicin ("BADOX") to kill cancer cells was investigated. 4 T1 cells were exposed to different treatments: (1) media alone (control) (2) liposomal doxorubicin (3) free doxorubicin (4) bacteria (5) bacteria loaded with liposomal doxorubicin (BADOX). 24 h later we found that cancer cells treated with BADOX had the lowest viability compared to any other treatment group (Fig. 5) . However, despite the mathematical significance, the prominent cell death is due to the bacteria itself. To reduce bacterial toxicity, mutant bacterial strains without lipid-A have been described [51] .
In summary, our data indicates that Salmonella loaded with nanomedicines can propel across media, and penetrate cancer cells, to induce a therapeutic effect.
Discussion
Autonomous swimmers are an evolving scientific area with many potential medical applications. Our research harnesses the self-propelling abilities of bacteria, loaded with a nanomedicine, to treat cancer. This system is designed to release the anti-cancer drug at the disease site after self-destruction of the swimmer. Specifically, we loaded 100-nm liposomes, that contained doxorubicin, into motile bacteria. The bacteria sense and invade the cancer cells, where the drug is released internally. Due to the dual-activity of the drug, being an antibiotic chemotherapeutic, once released from the liposomes, the doxorubicin destroyed the carrier and killed the invaded cancer cell.
In order to construct the nanoswimmer platform, we chose Salmonella over E. coli, for its higher velocity in the conditions of the tumor microenvironment, and its ability to target tumors and invade triplenegative cancer cells [20] [21] [22] [27] [28] [29] [30] [31] [32] [33] 35, 36] . We found that the bacterial motility is pH-and glucose-dependent, favoring the tumor conditions [52, 53] .
We compared two approaches for loading nanoparticles into the bacteria -incubation and electroporation. Electroporation, which creates transient pores in the bacterial membrane, was more efficient than incubation. Moreover, confocal microscopy indicated that post electroporation the liposomes were loaded into the bacterial body, and not fused to the bacterial external membrane.
The charge of liposome membrane has a major effect on the bacterial viability. Using electron microscopy, we found that cationic liposomes disrupted the bacterial envelope. This anti-bacterial activity of the cationic liposomes (but not of the anionic liposomes) is owed to binding of the negatively-charged bacterial envelope and intra-bacterial nucleic acids to the positively-charged liposomal lipids [54] [55] [56] [57] [58] .
Doxorubicin, an antibiotic-chemotherapy, has an antibacterial effect against Salmonella. We show that doxorubicin kills bacteria in a concentration-dependent manner. In tumors, doxorubicin is released from the liposomes by a metabolic switch, freeing the drug to perform its therapeutic activity. Specifically, the secretion of ammonia by tumor cells, imbalances the osmotic gradient that is used to captures the doxorubicin inside the liposomes [59, 60] . Once released from the liposomes, doxorubicin destroys the bacterial carrier and kills the invaded cancer cell. This resulted in an enhanced on-site therapeutic activity.
To conclude, this study demonstrates the potential of bacteria-mediated targeted drug delivery as a new approach for cancer treatment. By exploiting natural bacteria characteristics that are attracted to the cancerous tissue, we developed a bacteria-based nanoswimmer that carries liposomal drugs into cancer cells followed by self-destruction of the bacterial vehicle and release of the drugs.
